While developing in the BM, B cells undergo stochastic rearrangement of Ig heavy (IgH) and Ig light (IgL) chain V(D)J gene segments resulting in the random expression of Ig H and L ( and ) chains in the emerging B cell population (Schlissel, 2003; Nemazee, 2006) . During V(D)J recombination, allelic and isotypic exclusion at the Ig loci are also established, leading to the expression of a unique H and L chain pair and, therefore, of BCRs with unique specificity in each B cell (Langman and Cohn, 2002; Nemazee, 2006; Vettermann and Schlissel, 2010) . These mechanisms ensure that developing B cells expressing BCRs reactive with self-antigens (i.e., autoreactive B cells) undergo tolerance induction, whereas those expressing BCRs specific for a foreign antigen or a peripheral self-antigen proceed in differentiation and selection into the periphery (Burnet, 1959) . Autoreactive B cells are silenced by central tolerance in the BM via receptor editing and, less frequently, clonal deletion (Halverson et al., 2004; Ait-Azzouzene et al., 2005) , whereas peripheral B cell tolerance proceeds via anergy and clonal deletion (Goodnow et al., 2005; Torres, 2006, 2012; Shlomchik, 2008) . Despite these tolerance mechanisms, small numbers of autoreactive B cells are detected in peripheral tissues of healthy mice and humans (Grandien et al., 1994; Wardemann et al., 2003) and their numbers are increased in autoimmunity (Andrews et al., 1978; Izui et al., 1984; Warren et al., 1984; Samuels et al., 2005; Yurasov et al., 2005 Yurasov et al., , 2006 Liang et al., 2009) .
A small population of dual-reactive B cells expressing two types of L chains (or more rarely H chains) has been observed both in mice and humans (Nossal and Makela, 1962; Pauza et al., 1993; Giachino et al., 1995; Gerdes and Wabl, 2004; Rezanka et al., 2005; Casellas et al., 2007; Velez et al., 2007; Kalinina et al., 2011) . These allelically and isotypically (overall haplotype) included B cells are <5% of all peripheral B cells in normal mice (Barreto and Cumano, 2000; Rezanka et al., 2005; Casellas et al., 2007; Velez et al., 2007) , but they are more frequent in Ig knockin mice in which newly generated B cells are autoreactive and actively undergo receptor editing (Li et al., 2002a,b; Liu et al., 2005; Huang et al., 2006; Casellas et al., 2007) . B cells that coexpress autoreactive and nonautoreactive antibodies can escape at least some of the mechanisms of central and peripheral B cell tolerance and be selected into the mature peripheral B cell population (Kenny et al., 2000; Li et al., 2002a,b; Gerdes and Wabl, 2004; Liu et al., 2005; Huang et al., 2006) , sometimes with a preference for the marginal zone (MZ) B cell subset (Li et al., 2002b) .
Furthermore, dual-reactive B cells observed within a normal polyclonal Ig repertoire exhibit characteristics of cells that develop through the receptor editing process, including delayed kinetics of differentiation and more frequent binding to self-antigens (Casellas et al., 2007) . Hence, dual-reactive B cells might play a role in autoantibody generation and autoimmunity. However, the contribution of these B cells to autoimmunity has not yet been established. Our hypothesis is that haplotype-included autoreactive B cells are positively selected within the context of genetic backgrounds that manifest defects in immunological tolerance and contribute to the development of autoimmunity.
Until recently, the analysis of dual-reactive B cells was impaired by the inability to detect dual- cells, which are the most frequent among haplotype-included B cells (Casellas et al., 2007; Velez et al., 2007) . To overcome this issue, we took advantage of Igk h mice that bear a gene-targeted human Ig Ck allele in the context of a wild-type Ig repertoire (Casellas et al., 2001 ) and crossed these to MRL-Fas lpr/lpr (MRL/lpr) and MRL mice that develop an autoimmune pathology with characteristics similar to human lupus (Izui et al., 1984; Rordorf-Adam et al., 1985; Theofilopoulos and Dixon, 1985; Cohen and Eisenberg, 1991; Watanabe-Fukunaga et al., 1992) . MRL/lpr mice, moreover, display defects in receptor editing (Li et al., 2002a; Lamoureux et al., 2007; Panigrahi et al., 2008) and reduced tolerance induction (Li et al., 2002a) , which could potentially contribute to higher frequency of haplotype-included autoreactive B cells.
We found that the frequency of dual- cells increased with age and progression of disease in autoimmune-prone mice and independent of the expression of Fas. Dual- B cells exhibited higher prevalence of autoreactivity than single- B cells and were frequently selected into the antigen-activated cell subsets in MRL/lpr and MRL mice where up to half of Mice were bled at the age indicated on the x-axis and sera tested for the presence of IgG anti-chromatin antibodies by ELISA. The serum antibody titer is defined as the dilution corresponding to an OD 405 of 1. Each symbol represents an individual mouse, and females and males of MRL/lpr-Igk m/h and MRL-Igk m/h mice are identified by open and closed symbols, respectively. Sera were collected and frozen on different days and then analyzed together on the same day by ELISA to reduce intra-experimental variability. Data represent a total of n = 6 mice per group, analyzed in at least two independent experiments. n.d., not detected. (white bars) mice at 6, 10, 18, and >18 wk of age. Data are from at least three independent experiments with a total combined of n = 5-10 mice per each age group. ***, P < 0.0001. N.S., not significant. (D) Representative histological analyses of Ig + B cells in a MRL/lpr-Igk m/h mouse. LN sections were stained for mC (red) and hC (green). Middle and right panels show staining for only hC and mC, respectively. White arrowheads indicate representative dual- B cells, whereas green and red arrowheads point to representative single- B cells in the sections. Bars, 50 µm. Histological analyses were performed over at least three independent experiments on sections from three individual MRL/lpr-Igk m/h mice.
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disease, we backcrossed nonautoimmune CB17-Igk m/h mice (Casellas et al., 2001; Velez et al., 2007) to autoimmune-prone MRL/lpr mice to generate MRL/lpr-Igk m/h mice. Because of the presence of the Igk h allele, B cells of MRL/lpr-Igk m/h mice that coexpress two  chains can be identified by the simultaneous expression of mouse and human C regions. Upon observing MRL/lpr-Igk m/h mice of different age and determining titers of IgG anti-chromatin autoantibodies ( Fig. 1 A, left), we established four age groups of study: 6, 10, 18, and >18 wk. 6-wk-old mice had low titers of anti-chromatin autoantibodies with no other manifestations of disease, 10-wk-old mice had increased autoantibodies and also palpable enlarged axillary LNs, 18-wk-old mice developed dermatitis and visible engrossed inguinal and axillary LNs, and older mice displayed the highest autoantibody titers, skin necrosis, severe lymphadenopathy, and weight loss ( Fig. 1 A and not depicted) . The study groups incorporated mice of both sexes as no significant gender differences were observed (Fig. 1 A) .
To determine whether a positive correlation exists between dual-reactive B cells and autoimmunity, we measured the plasmablasts and memory B cells were dual- B cells. Moreover, disruption of Fas expression appeared to mediate increased survival of dual-reactive memory B cells. Overall, these data indicate that dual-reactive B cells significantly contribute to the plasmablast and memory B cell populations of autoimmune-prone mice suggesting a role in the development of autoimmunity.
RESULTS

Dual- B cells accumulate with age and autoantibodies in MRL/lpr-Igk m/h mice
To study the fate of dual-reactive B cells in autoimmuneprone mice with a polyclonal antibody repertoire and assess the contribution of these cells to the development of (white bars) mice at 6, 10, 18, and >18 wk of age. Data are from at least three independent experiments, with a total combined of n = 5-10 mice per age group. ***, P < 0.001; **, P < 0.01; *, P < 0.05. N.S., not significant. (E) Bar graphs represent mean frequencies ± SD of dual- B cells in the T2 (CD24 high CD23 + IgM high ) and T3 (CD24 high CD23 + IgM low ) transitional cell subsets in the spleen of MRL/lpr-Igk m/h (black bars) and CB17-Igk m/h (white bars) mice at 14-15 wk of age. Data are from two independent experiments, with a total combined of n = 4 mice per group. ***, P < 0.001; *, P < 0.05. N.S., not significant. mice, suggesting that half of these late transitional B cells might be anergic and unable to enter the mature B cell pool.
Overall, these data indicate that MRL/lpr mice produce larger amounts of immature dual- B cells, which likely contributes to an increased frequency of dual- mature B cells in autoimmune mice. However, most of the newly generated dual- B cells appear to be negatively selected during the differentiation into transitional, mature follicular (FO), and recirculating B cell stages.
Dual- B cells display faster kinetics of differentiation during development in MRL/lpr mice
We next examined the rate at which newly generated dual- B cells in MRL/lpr mice transit through the central selection checkpoints. For this analysis, we treated 14-18-wk-old CB17-Igk m/h and MRL/lpr-Igk m/h mice with BrdU and measured the kinetics of BrdU incorporation over 24 h in developing single and dual- B cells in the BM using an established method (Casellas et al., 2001 (Casellas et al., , 2007 Hippen et al., 2005) . As previously shown, the emergence of dual- cells in the immature B cell population of healthy CB17-Igk m/h mice was delayed relative to that of single- B cells (Fig. 3 A) . In contrast, dual- B cells of lupus-prone MRL/lpr-Igk m/h mice the frequency of dual- and dual-/ (dual-L chain) B cells in the spleen of autoimmune-prone (MRL/lpr-Igk m/h ) and healthy control (CB17-Igk m/h ) mice stratified by age. In our analyses, the percentage of dual-/ cells in MRL/lpr-Igk m/h mice was too low to be measured reliably (unpublished data). In contrast, a clear dual- (mC + hC + ) B cell population was visible in CB17-Igk m/h and MRL/lpr-Igk m/h mice and not in control cell mixtures (Fig. 1 B; Velez et al., 2007) . We found that both frequency and absolute numbers of dual- spleen B cells were significantly higher in MRL/lpr-Igk m/h mice compared with CB17-Igk m/h mice starting at 10 wk of age and increasing with age and autoantibody titers (Fig. 1, A and C) . Although an increase in the absolute numbers of dual- B cells in MRL/lpr mice is not particularly surprising given that the Fas lpr mutation drives lymphoid expansion as a result of defects in apoptosis (Watanabe-Fukunaga et al., 1992) , increased frequency of B cells that express two  chains indicates a preferential expansion of the dual- B cell population relative to the single- population in autoimmune mice. The presence of dual- B cells in autoimmune mice was also supported by microscopic analyses of lymphoid tissue sections. Fluorescent microscopy of MRL/lpr-Igk m/h tissue sections detected cells coexpressing mouse and human  constant regions within follicles (Fig. 1 D) . Dual- B cells were not observed in sections from homozygous Igk h/h or Igk m/m mice and were much rarer in sections from CB17-Igk m/h mice (unpublished data). These results indicate that the frequency of dual- B cells increases in autoimmune-prone mice with disease progression.
Generation and positive selection of dual- B cells are augmented in autoimmune-prone MRL/lpr mice with age To determine whether the increased frequency of dual- B cells in autoimmune mice was caused by a greater generation at the immature cell stage, or by expansion and/or maintenance at later cell developmental stages, we analyzed the frequency of dual- B cells in immature, transitional, and mature B cell populations in BM and spleen of MRL/lpr-Igk m/h and CB17-Igk m/h mice gated as shown in Fig. 2 (A and B) . MRL/lpr-Igk m/h mice 18 wk of age and older exhibited a sharp increase in dual- B cells at every stage of B cell development examined compared with CB17 mice (Fig. 2, C and D) . The frequency of dual- cells in older MRL/lpr-Igk m/h mice significantly decreased between the late transitional (T2-like and T2/T3) and the mature B cell stages both in BM and spleen (Fig. 2, C and D) , suggesting the presence of active checkpoints of negative selection. However, the percentage of dual- B cells in the mature B cell population of MRL/ lpr-Igk m/h mice was still significantly higher than that in CB17-Igk m/h mice, suggesting a selection advantage of these cells mediated by the autoimmune genetic background.
Transitional T3 B cells are considered anergic B cells that are arrested in development (Merrell et al., 2006) . To clarify whether dual- B cells accumulate in this fraction, we performed additional flow cytometric analyses to resolve the T2 and T3 subsets. As shown in Fig. 2 emerged in the immature B cell population before single- cells (Fig. 3 B) , indicating an accelerated differentiation pathway from the preceding pre-B cell developmental stage. Moreover, this observation was independent of the age of the mice (Fig. 3 B) . Higher kinetics of BrdU incorporation in dual- cells of autoimmune mice were also observed at the transitional B cell stages (Fig. 3 B) . Surprisingly, the frequency of BrdU + dual- B cells in the T1-like and T2-like B cell populations exceeded that in the immature B cell population, suggesting the presence of cell proliferation at the transitional cell stage. Overall, these data indicate that in contrast to healthy mice, dual- B cells in autoimmune-prone mice display faster kinetics of differentiation and/or increased cell proliferation relative to single- B cells.
Dual- B cells largely accumulate in the MZ B cell population in MRL/lpr mice
Dual- and / B cells have been shown to accumulate in the MZ B cell population of healthy mice (Li et al., 2002b; Casellas et al., 2007) although / anti-DNA B cells were found to be reduced in that of autoimmune MRL/lpr mice (Li et al., 2002a) . We found that in a wild-type Ig repertoire, the frequency of MZ dual- B cells (gated as in Fig. 4 A) was significantly higher than that of FO B cells in both MRL/ lpr-Igk m/h and CB17-Igk m/h mice older than 10 wk (Fig. 4 B) . Moreover, consistent with differences observed in other B cell subsets, the frequency of dual- MZ B cells increased with age in MRL/lpr-Igk m/h mice and was significantly higher than that of CB17-Igk m/h mice (Fig. 4 B) . In autoimmune mice older than 18 wk, dual- B cells were threefold more frequent in the MZ than in the FO B cell subset (Fig. 4 B) resulting in similar absolute cell numbers (Fig. 4 C) . These data indicate that dual- B cells preferentially differentiate into MZ B cells in MRL/lpr autoimmune mice.
The MRL genetic background drives increased generation and selection of dual- B cells
The phenotype of MRL/lpr mice results from the contribution of both the MRL genetic background and the homozygous Fas lpr mutation (Izui et al., 1984; Warren et al., 1984; Rordorf-Adam et al., 1985; Watanabe-Fukunaga et al., 1992; Ratkay et al., 1994; Nose et al., 1996; Kamogawa et al., 2002) . To determine which of these genetic components is responsible for the increased generation of dual- B cells, we generated MRL-Fas lpr/+ -Igk m/h mice (referred to as MRL-Igk m/h ) that bear a wild-type Fas allele. These mice develop IgG anti-chromatin antibodies but, as expected, the kinetics of autoantibody appearance were delayed when compared with that of homozygous Fas lpr/lpr animals ( Fig. 1 A) . Similar to Fas-deficient mice, the frequency of dual- B cells in Fas-sufficient MRL-Igk m/h mice was significantly higher than that of CB17-Igk m/h mice in each of the B cell subsets examined and was only slightly lower in the immature and MZ B cell subsets relative to Fas-deficient MRL/lpr mice (Fig. 4 D) . These data indicate that the MRL genetic background by itself drives increased generation of immature and mature dual- B cells. Data are from at least three independent experiments with a total combined of n = 6-10 mice per group. ***, P < 0.001; **, P < 0.01; *, P < 0.05. N.S., not significant. considered it to represent the naive B cell population. Among these hybridomas we found several that coexpressed two L chains (Table 1) . Approximately 20-50 single-and dual- hybridomas from each mouse strain were randomly selected to further analyze their self-reactivity toward HEp-2 antigens, chromatin, and Smith antigen. Clones were considered autoreactive when their reactivity toward self-antigen was three times above the SD of the negative control signal (Fig. 5 A) . We found that dual- hybridomas were autoreactive more frequently (two-to threefold) than single- hybridomas for both MRL/lpr-Igk m/h and CB17-Igk m/h strains ( Table 2 ) and in accordance with a previous analysis in healthy mice (Casellas et al., 2007) . Not surprisingly, the overall frequency of autoreactive hybridomas from MRL/lpr-Igk m/h mice was greater than that of hybridomas from CB17-Igk m/h mice ( Table 2) .
To establish whether dual-L chain autoreactive B cell clones are also represented in the in vivo activated B cell population of MRL/lpr mice, we generated 816 spontaneous B cell hybridomas from nonmanipulated . Antichromatin and anti-Smith ODs at 405 nm were normalized for total IgM as described in Materials and methods. In both assays, the supernatant of a 3-83-IgM-secreting B cell clone (specific for MHC I H-2K b,k ; Ozato et al., 1980 ) was used as negative control (gray bars, representing mean OD and SD, n = 14). Reactivity of supernatants with Hep-2 cells was measured by indirect immunofluorescence as described in Materials and methods. The supernatant of a B1-8-IgM-secreting B cell clone (specific for NP; Reth et al., 1978) was used as negative control (gray bar, representing mean intensity and SD, n = 14). The cutoff for positivity in each assay was set to three times the SD of the negative control, as represented by the dashed line. Hybridomas were classified as autoreactive when their supernatant generated signals above the dashed line. This analysis is representative of 14 independent experiments with a total combined of n = 151 hybridomas tested (see Table 2 ). (Calame, 2001; William et al., 2005; Oracki et al., 2010) . Activated B cells can also differentiate into strictly antibody-secreting PCs, but rheumatoid factor-producing B cells have been shown to differentiate mostly into plasmablasts in MRL/lpr mice (William et al., 2005) .
To determine the ability of dual- B cells to differentiate into plasmablasts and PCs, we analyzed spleen and LN cells for the expression of B220, CD138, and CD44 together with surface and/or cytoplasmic Ig and defined three stages of differentiation ( (Table 3 and not depicted). Given that / cells are rare in MRL/lpr-Igk m/h mice, the frequent representation of this clone suggests that these Smith-reactive IgM + B cells were highly prone to fuse with the myeloma cell line. In addition to the / clone, we identified an LN-derived dual- clone bearing somatically mutated V H 1-7-D H 2-3-J H 3 and V k 12-46-J k 1 genes and a germline encoded V k 2-137-J k 4 gene and expressing IgG antibodies reacting with chromatin (Table 3) . Overall, results from the hybridoma analyses indicate that the population of dual- B cells comprises a higher frequency of autoreactive clones than that of single- B cells in both autoimmune and nonautoimmune mice, and that dual-L chain autoreactive B cells can be selected into the in vivo-activated cell pool of MRL/lpr mice. These hybridomas were randomly selected among those described in Table 1 . All hybridoma were IgM except two that were IgG. and nonautoimmune mice (Fig. 6 C) . The frequency of dual- B cells in the IgG + memory B cell population of CB17-Igk m/h mice was 1-3%, similar to that previously described (Casellas et al., 2007) . This frequency was markedly increased in autoimmune MRL/lpr-Igk m/h mice where up to 40% of the Ig switched memory B cells were dual- cells (Fig. 6 D) . Recent studies have indicated that the survival of IgG + autoreactive B cells in MRL/lpr mice is synergistically mediated by the Fas lpr allele and the MRL genes (Aït- Azzouzene et al., 2010) . Similarly, the frequency of dual- B cells in the IgG + B cell population of Fas-sufficient MRL-Igk m/h mice was intermediate between that of Fas-deficient MRL/lpr mice and nonautoimmune CB17 mice (Fig. 6 D) . Our findings, therefore, indicate that approximately half of the IgG switched dual- B cells are eliminated via Fas-mediated cell death. These data indicate that the autoimmune-prone MRL genetic background drives significant selection of dual- mature B cells into the plasmablast and memory B cell populations, and that maintenance of dual- memory B cells is partly dependent on the inactivation of Fas.
Dual- B cells of autoimmune mice display increased frequency of activation and differentiation into plasmablasts that secrete autoantibodies
The increased selection of dual- B cells into the plasmablast and memory subsets of autoimmune mice suggests that dual- cells are more prone to activation than single- cells in the context of autoimmunity. To provide support to this hypothesis, surface-Ig + ), late plasmablast (CD138 + cytoplasmic-Ig high surface-Ig + ), and PC (CD138 + cytoplasmic-Ig high surfaceIg -/low ). The early and late plasmablast stages were defined based on preliminary analyses in which we observed CD138 + surface-Ig + cells that were mainly either B220 + cytoplasmicIg low (early plasmablasts) or B220  cytoplasmic-Ig high (late plasmablasts). Upon these analyses, we found that in 18-wk-old MRL/lpr-Igk m/h mice, 20-50% of early plasmablasts were dual- cells (Fig. 6 B) , a frequency 5-10-fold higher than in the naive mature B cell population of the same mice and of the plasmablast population of CB17-Igk m/h mice. Moreover, we found a similar enrichment of dual- B cells in the plasmablast population of 30-wk-old Fas-sufficient MRL-Igk m/h mice (Fig. 6 B) , indicating that the MRL genetic background alone drives significant plasmablast differentiation of dualreactive B cells. In the late plasmablast and PC subsets of MRL-Igk m/h and MRL/lpr-Igk m/h mice, the frequency of dual- cells was reduced from the early plasmablast stage (Fig. 6 B) , suggesting that not all dual- plasmablasts are selected for entry into the nondividing PC population. Nevertheless, in the LNs the percentages of dual- cells in the late plasmablast and PC populations of MRL/lpr-Igk m/h mice were still above those seen in the same populations of CB17-Igk m/h mice (Fig. 6 B) . Antigen-activated B cells can alternatively differentiate into memory B cells. To examine this pathway of differentiation, we measured the frequency of dual- B cells in the IgG + cell subset in spleen and LNs of the same autoimmune (white bars) mice. Data are from three independent experiments, with a total combined of n = 4-7 mice per group. In the whole figure, MRL/lpr-Igk m/h and CB17-Igk m/h mice were at 18 wk of age and MRL-Igk m/h mice were at 30 wk of age. ***, P < 0.001; **, P < 0.01; *, P < 0.05. N.S., not significant. of B cells in preplasmablast (IgD + CD138  ), nonswitched plasmablast (IgD + CD138 + ), switched plasmablast (IgG + CD138 + ), and memory (IgG + CD138  ) B cell subsets in spleen (Fig. 7 B) and LNs (not depicted). The frequency of activated dual- we analyzed the expression of the two general lymphocyte activation markers, CD69 and CD86 (Fig. 7 A) , on singleand dual- B cells that belong to B cell subsets prior and after antigen selection. Specifically, we analyzed the activation state (right table) cell populations, respectively, were randomly selected for sequencing and each sequence was assigned to a VH, DH, and JH gene segment according to the IMGT website. Sequences that repeated more than once are highlighted in color. The clone sequences were obtained over the course of two independent experiments. (F) Analysis of antibodies secreted by plasmablasts. Dual- and single- CD138 + plasmablasts were sorted from mixtures of spleen and LN cells isolated from individual MRL/lpr-Igk m/h mice of 14-15 wk of age and cultured in equal numbers for 7 d without stimulation. Graphs represent the mean relative IgG titers + SD (n = 3) of anti-chromatin antibodies (left), anti-Smith antibodies (middle), and total IgG (right) in the supernatants of dual- (black bars) and single- (white bars) cell cultures. The cells were sorted and cultured from three individual MRL/lpr-Igk m/h mice on different days, and the supernatants were frozen and then analyzed by ELISA on the same day to reduce intra-experimental variability. ***, P < 0.001; **, P < 0.01; *, P < 0.05. N.S., not significant. (Fig. 7 F) . These data indicate that dual- autoreactive B cells are selected into the plasmablast population retaining the capacity to secrete IgG autoantibodies.
DISCUSSION
Although allelic and isotypic exclusion are strongly enforced during B cell development, a small number of B cells develop coexpressing more than one type of Ig H or L chain (Nossal and Makela, 1962; Pauza et al., 1993; Giachino et al., 1995; Li et al., 2001; Gerdes and Wabl, 2004; Rezanka et al., 2005; Casellas et al., 2007; Velez et al., 2007; Kalinina et al., 2011) and are capable of IgG class switch recombination and antibody production in healthy mice and people (Giachino et al., 1995; Casellas et al., 2007; Velez et al., 2007) . Here, we show that in autoimmune mice with a wild-type polyclonal Ig repertoire, dual- B cells are generated at higher numbers than in healthy mice, they are self-reactive more frequently than single- B cells, and they are highly enriched in the antigen-selected B cell subsets.
Within the polyclonal Ig repertoire of healthy mice, dual- B cells have been demonstrated to arise after receptor editing in autoreactive immature B cells (Casellas et al., 2007) . In these previous studies, dual- immature B cells were delayed in development relative to single- B cells and this delay was suggested to be caused by the receptor editing process. In our studies however, we found that dual- immature B cells have kinetics of development that are faster than single- B cells in MRL/lpr mice, thus exhibiting a behavior different than that of developing dual- B cells in healthy mice (Casellas et al., 2007; and our results) . We argue that this difference might be a result of the reduced efficiency of the receptor editing process that has been documented in MRL/lpr mice (Li et al., 2002a; Lamoureux et al., 2007; Panigrahi et al., 2008) . Specifically, we propose that autoreactive immature B cells in MRL/lpr mice might undergo a round of receptor editing resulting in the expression of a nonautoreactive  chain, but that the editing process is aborted before its completion and the inactivation of the V gene encoding the autoreactive chain. This hypothesis also implies that single- immature B cells undergo a more extensive editing process than dual- B cells in MRL/lpr mice. An alternative explanation would take into account the possibility that developing MRL/lpr B cells exhibit defects in the control of light chain allelic exclusion, whereby both Igk alleles rearrange simultaneously without delaying the maturation of dual- B cells. Defects in allelic exclusion have been previously described in MRL/lpr mice (Roark et al., 1995b) . Furthermore, our results do not exclude the possibility that the increased frequency of dual- immature B cells in MRL/lpr mice might be caused by increased cell proliferation which, although unusual at this stage of cell differentiation, would be also compatible with the higher BrdU incorporation rates. The increased positive selection of dual- autoreactive immature B cells into the peripheral compartment of MRL/lpr mice would nevertheless require an intrinsic higher threshold for tolerance induction, a feature supported B cells in the spleen of 14-15-wk-old MRL/lpr-Igk m/h mice was significantly higher than that of single- B cells in the same mice and when compared with single-and dual- B cells in CB17-Igk m/h mice (Fig. 7 B) . Moreover, MRL/lpr-Igk m/h dual- B cells were found to be more frequently activated in all B cell subsets analyzed and, thus, before and after a putative antigen selection event (Fig. 7 B) . Similar results were observed in LNs (unpublished data).
To extend these findings, we next analyzed the expression of the plasmablast differentiation markers CD138, CD44, and CD22. The dual- B cell population in spleen (Fig. 7 A) and LNs (not depicted) of MRL/lpr-Igk m/h mice displayed higher levels of CD44 and CD138 and lower levels of CD22 compared with the single- B cell population. In contrast, the expression profile of these markers appeared identical in the single and dual- B cell populations of CB17-Igk m/h mice (Fig. 7 A) . The frequency of CD44 high CD138 + cells and of CD22 low cells in the dual- subset of spleen and LNs of MRL/lpr-Igk m/h mice was twice that seen in the single- subset in the same mice (Fig. 7 , C and D; and not depicted). This difference was already present at 10 wk of age and increased with the age of the mice in the LNs. Although in most MRL/lpr mice 20% of the dual- B cells appeared to be plasmablasts, in healthy mice only 5% of single and dual- B cells displayed this phenotype (Fig. 7, C and D) . These findings indicate that dual- B cells have a higher propensity to be activated and to differentiate into plasmablasts in autoimmune mice.
We next asked whether the selection of dual- B cells into the plasmablast population of autoimmune mice is a general feature of these cells or if it only occurs in a small subset of cells. If dual- B cells have a general selection advantage for activation, we expect the plasmablast pool to contain a diverse repertoire instead of an oligoclonal expansion. To address this question, we performed a limited study where we amplified and cloned the variable region of the Igh chain gene from a sorted pool of CD138 + dual- and single- MRL/lpr-Igk m/h B cells and sequenced 11-15 randomly selected clones. Each of the 11 VDJ sequences cloned from CD138 + dual- cells was unique, whereas only 9 of the 15 sequences from single- cells were diverse (Fig. 7 E) . This suggests that dual- B cells are generally selected into the plasmablast subset, and not via the preferential expansion of few clones.
As shown by the LPS-induced hybridoma analysis, most dual- B cells express autoantibodies. Therefore, we next asked whether dual- B cells selected into the plasmablast subset are also autoreactive. To address this question, we sorted CD138 + single and dual- B cells from three individual 14-15-wk-old MRL/lpr-Igk m/h mice and cultured the same number of cells for 7 d without stimulation. Total IgG and IgG specific for chromatin and Smith were measured in the cell supernatants. Both single-and dual- CD138 + cells secreted anti-chromatin and antiSmith IgG antibodies (Fig. 7 F) . However, dual- CD138 + cells secreted significantly more IgG autoantibodies when compared with single- cells, whereas total IgG was similar localize more frequently in the MZ B cell pool than in the FO B cell subset in MRL mice and independent of the function of Fas. These contrasting observations suggest that the presence of dual-reactive B cells in the MZ or FO B cell subsets might depend on their level of autoreactivity or type of specificity, as previously elegantly demonstrated with the anti-Thy-1 mouse model (Wen et al., 2005) . Alternatively, the reduced frequency of anti-DNA / B cells observed in previous studies might be the result of reduced receptor editing during B cell development. We noticed that dual-/ B cells are not frequently generated in MRL/lpr mice. This further supports the idea that receptor editing often aborts early and before reaching the stage of Ig gene recombination in these mice, with the consequence of a general reduced frequency of dual-/ B cells.
The frequency of dual- B cells was increased from 3-10% in the naive mature B cell population to 20-50% (i.e., 5-10-fold) in the early plasmablast subset in autoimmune mice, whereas it remained unchanged in nonautoimmune mice. The enrichment of dual- plasmablasts was also observed in MRL mice indicating that it does not require defects in the Fas pathway. The high frequency of dual- B cells in the plasmablast population suggests that dual- mature B cell undergo increased activation and subsequent selection into the plasmablast subset relative to single- B cells. In support of this model, we found that the fraction of activated (CD69 + and CD86 + ) cells in the naive (IgD + CD138  ) B cell population was significantly higher in the dual- subset relative to the single- subset of autoimmune mice. In spite of this, we isolated only one dual- spontaneous B cell hybridoma from six fusions (spleen and LNs) performed with cells from three MRL/lpr mice. We propose that this apparent discrepancy between our flow cytometric and hybridoma analyses reflects an experimental feature by which certain clones are particularly activated in vivo, fuse more readily, and quickly outgrow other clones. In fact, our spontaneous hybridoma collection was dominated by a / Smith-reactive clone despite the fact that / cells were never >1% of all B cells in vivo (unpublished data). It is unclear why this / clone was so prevalent in our spontaneous hybridoma collection when such oligoclonality has not been previously reported by others. The possibility that this / clone was a contaminant in our cultures is negligible because fusions from two mice were done several weeks apart from those of the first mouse and this clone was only observed in the spontaneous fusions from MRL/lpr mice among the many B cell fusions performed in our laboratory in the same period of time. The prevalence of this / clone might be a result of our hybridoma methodology that may select for fast growing clones or to the specific MRL/lpr strain that was bred in our colony.
Distinct mechanisms can lead to the generation of plasmablasts, and not all require specific antigen recognition by the BCR. Plasmablast differentiation can follow polyvalent antigen-mediated stimulation of B1 and MZ B cells, the combined antigen and T cell help-mediated activation of FO B cells, or the TLR-mediated polyclonal activation of mature by previous studies (Roark et al., 1995a; Mandik-Nayak et al., 1999) . Moreover, we have recently demonstrated that positive selection of immature B cells into the peripheral compartment is an active process depending on the combined activities of tonic BCR and BAFFR signaling (Rowland et al., 2010a,b) . Thus, we envision that the increased generation of dual-reactive B cells in MRL/lpr mice might also be the result of an improved efficiency of these positive selective events led by the coexpression and signaling of nonautoreactive BCRs. We also note that the frequency of BrdU + cells among the transitional B cells in the BM of MRL/lpr mice was higher than that of immature B cells, suggesting an unusual proliferation burst of those cells in this particular mouse strain. This proliferation event could further contribute to the enhanced generation of dual- cells in the periphery of autoimmune mice. Overall, we speculate that a reduced threshold for negative selection, inefficient levels of receptor editing and allelic exclusion, an improved efficiency of positive selection, and/or an aberrant cell proliferation event can promote higher generation of dual- chain B cells in MRL/lpr mice. Further studies are required to find out which of these mechanisms play the major role in the generation of dual-reactive B cells in autoimmune mice. Our observation that dual- B cells are also generated more frequently in MRL mice indicates that this process is independent of the function of Fas.
We further observed that the generation of dual- B cells increased after 10 wk of age in MRL/lpr mice, at a time when autoantibody titers and disease become more significant. Although these findings support the idea that dual- B cells play a role in autoantibody formation and disease progression, they also suggest that some element of autoimmunity might exacerbate the potential defects in early B cell development and tolerance discussed here, enhancing the generation of autoreactive dual- chain B cells. This feedback might be mediated by autoantibodies that increase with disease progression. Autoantibodies that are made within, or that circulate to, the BM can bind to local self-antigens potentially masking these antigens from B cells and consequently reducing levels of antigen-mediated BCR signals. An opposite phenomenon mediated by circulating antibodies and affecting tolerance induction of rheumatoid factor B cells has been previously described (Wang and Shlomchik, 1998) .
Despite increased generation and/or selection of dual- B cells in the BM of MRL/lpr mice, our data demonstrate that a fraction of these cells never reach the splenic FO B cell compartment, indicating that they might be targeted by negative selection at the early transitional B cell stage or otherwise differentiate into a different mature cell subset (i.e., the MZ). Of note, half of the dual- B cells in the late transitional population were found in the T3 subset and, therefore, might be anergic cells blocked in differentiation (Merrell et al., 2006) .
Previous studies have shown that the MRL/lpr genetic background precludes the recruitment of anti-DNA dual-/ B cells into the MZ cell population and suggested that these mice are unable to sequester autoreactive B cells in this subset (Li et al., 2002b) . We found, however, that dual- B cells 2008; Odegard et al., 2008; Rankin et al., 2012) . Our data further suggest that at least half of the IgG + memory B cells that arise in MRL/lpr mice develop as a result of aberrant Fas signaling, as evidenced by the fact that their frequency was diminished in Fas-sufficient MRL mice, and in agreement with recent elegant studies on the selection of autoreactive IgG + B cells (Aït-Azzouzene et al., 2010) . It is interesting, moreover, that dual- B cells were mostly found in the plasmablast population, an observation similar to that made in rheumatoid factor-expressing mice in which the plasmablasts are the major source of autoantibodies (William et al., 2005; Herlands et al., 2007) .
Although MRL/lpr and MRL mice do not precisely reflect systemic lupus erythematosus (SLE) in humans, many of the features of this autoimmune disease are recapitulated in these mouse models. Our findings on dual-reactive B cells in the autoimmune mouse strains lead us to consider that these B cells may also be a feature of SLE in humans and partly independent of defects in the Fas pathway, a possibility which will be tested in future studies. B cells are essential for the development of autoimmunity in both MRL and MRL/lpr mice (Chan and Shlomchik, 1998; Chan et al., 1999; Li et al., 2008) . Results from our studies in lupus-prone mice indicate that dual-reactive B cells are generated more frequently with autoimmunity, they are more often autoreactive, they are a major component of the plasmablast and memory B cell subsets, and they contribute to the pool of IgG autoantibodies. Our findings, therefore, suggest that dual-reactive B cells might play a part in the development and/or exacerbation of this disease.
MATERIALS AND METHODS
Mice Igk m/h mice have been previously described (Casellas et al., 2001; Velez et al., 2007) . These mice that were initially on a mixed (129xC57BL/6) genetic background were backcrossed to CB17 for two generations and are referred here to as CB17-Igk m/h for simplicity. CB17-Igk m/h mice were backcrossed to MRL/lpr (MRL/MpJ-Fas lpr /J) mice for 10 generations to generate MRL/lpr-Igk m/h mice. Every generation was analyzed by flow cytometry of peripheral blood cells for the presence of the Igk h allele before selection of next generation breeders. Mice of the last generation were genotyped at the Fas allele (according to The Jackson Laboratory protocol) to select animals homozygous for the Fas lpr mutation. MRL/lpr-Igk h/h mice were bred to MRL (MRL/MpJ) mice to generate MRL-Fas lpr/+ Igk m/h mice (referred to as MRL-Igk m/h ). Both males and females of 6-30 wk of age were used in this study. All mice used for these studies were bred in house and maintained in specific pathogen-free rooms at the Biological Resource Center at National Jewish Health (NJH). All animal experiments were approved by the NJH Institutional Animal Care and Use Committee.
Cell preparation Single-cell suspensions from BM, spleen, and LNs were prepared in DME supplemented with 3% FBS. BM and spleen cells were treated with buffer with 0.15 M NH 4 Cl, 10 mM KHCO 3, and 0.1 mM EDTA, pH 8.0, for 2 min to remove erythrocytes and washed by centrifugation in PBS supplemented with 3% FBS.
Antibodies and flow cytometric analysis Single-cell suspensions were first incubated with a rat anti-mouse FcRII/III blocking antibody (2.4G2) for 15 min on ice to prevent unspecific binding of staining antibodies on cells through their Fc portion. Cells were then incubated for 20 min on ice with antibodies against surface markers. Fluorescent monoclonal antibodies against B220 (RA3-6B2), CD1d (1B1), CD138 (281-2), CD23 (B3B4), CD24
and memory B cells. Our studies do not discriminate between these mechanisms. However, we observed a significantly higher frequency of activated dual- than single- B cells at stages of mature B cell differentiation before and after plasmablast formation in MRL/lpr mice. This finding suggests that dual- B cells are more prone to activation, whether by antigen or by nonantigenic stimuli. Additionally, the frequent observation of dual- cells within the IgG + memory B cell subset of autoimmune mice suggests that at least some of the dual- mature B cells are positively selected after antigen binding and with the additional support of T cell help. In autoimmune-prone mice, positive selection of B cells can be mediated by either self-or foreign antigens. The enhanced positive selection of dual- B cells into the plasmablast and memory cell subsets might be simply a result of the higher prevalence of self-reactivity in the dual- B cell population, which was demonstrated by both the analyses of LPS-induced hybridomas and of ex vivo cells. However, the coexpression of a nonautoreactive BCR in this context might also play a role in the selection of dual- B cells, either by mediating a prosurvival tonic BCR signal (Lam et al., 1997) or by engaging foreign antigen. Further studies are required to test these hypotheses.
Burnet postulated that for optimal negative selection of self-reactivities and positive selection and expansion of foreign reactivities, antibody-producing cells are predetermined for the expression of specificities reactive with only one antigenic determinant (Burnet, 1959) . Our findings partially support Burnet's theory by showing that negative selection of B cells is compromised by dual-reactivity, whereas positive selection is not affected in healthy conditions and enhanced in autoimmunity. The important question, however, is whether dual-reactive B cells play an active role in the development of autoimmunity. Results from our studies, although not resolving this issue, provide support to the idea that dual- B cells significantly contribute to the IgG autoantibody pool of autoimmune MRL/lpr mice. We based this conclusion on the following observations. First, when stimulated with a TLR-7 agonist, dual- B cells secrete IgG autoantibodies in greater amounts than single- B cells. Second, dual- B cells represent up to half of the plasmablasts and IgG memory B cells in autoimmune mice, cell populations which have been shown to significantly contribute to autoimmunity (William et al., 2005; Herlands et al., 2007) . Third, CD138 + dual- plasmablasts secrete IgG autoantibodies in greater amounts than CD138 + single- cells and in the absence of stimulation. Whether the autoantibody made by dual- B cells is of pathogenic quality is not yet clear, and this question will require evaluation of the somatic mutations in Ig genes of IgG + plasmablasts and of the affinity for self-antigens of their antibody products. Our finding of a spontaneous MRL/lpr dual- B cell hybridoma that expresses mutated IgG anti-chromatin autoantibodies would indicate that autoreactive dual- B cells are capable of undergoing somatic hypermutation and positive selection in the germinal center or in extra-FO foci (Herlands et al., 2007, as described. Cells were then fixed and stained for BrdU using the APC BrdU Flow kit (BD) according to the manufacturer's protocol. Cytometric analysis was performed using an LSRII cytometer (BD) and FlowJo software.
Generation of B cell hybridomas and hybridoma supernatants
LPS-induced and spontaneous B cells hybridomas were generated from CB17-Igk m/h and MRL/lpr-Igk m/h mice as previously described (Harris et al., 1992; Liu et al., 2005; Velez et al., 2007) . Intracellular staining for IgL (hC, mC, and Ig) chains was performed as previously described (Velez et al., 2007) . Hybridomas were cultured in complete RPMI 1640 medium with 5% FBS precleared of bovine IgG by passage over protein G. Hybridoma supernatants were concentrated 50-100-fold over Centricon Plus-70 100-kD cut-off filters (Ultracel; Millipore), and IgM, IgG, mIg, hIg, and mIg were quantified by ELISA. Supernatants were then adjusted to an IgM or IgG concentration of 30 µg/ml and tested for autoreactivity. Each hybridoma supernatant was analyzed by ELISA in duplicate and a mean OD 405 was calculated. To normalize the antigen-specific reactivity in each hybridoma supernatant for the total Ig concentration, the ODs relative to the antigen-specific ELISAs were divided by the ODs relative to the isotype-specific (IgM or IgG) ELISAs for the same supernatant dilutions. These OD values were always within the linear part of the standard curves. The supernatant of a 3-83-IgM-secreting B cell clone (specific for MHC I H-2K b,k ; Ozato et al., 1980 ) was used as negative control. Clones were considered autoreactive when their reactivity toward self-antigen was three times above the SD of the negative control signal. Polyreactive hybridomas, which were those producing antibodies that bound to LPS in addition to each of the autoantigens tested, were <5% of the total hybridomas and were excluded from this study.
Quantification of secreted Igs and antigen-specific antibodies by ELISA IgM, IgG, mIg, hIg, and mIg were quantified by ELISA as previously described (Velez et al., 2007) . Absorbance values were read at 405 nm with a VersaMax ELISA reader (Molecular Devices). The detection of hIg/ mIg chimeric antibodies was performed by ELISA as previously described (Velez et al., 2007) . Standard chimeric antibody used for quantification was obtained from the supernatant of a dual- hybridoma (8G12-IgM). For the detection of anti-chromatin and anti-Smith antibodies, 96-well Nunc-Immuno plates were coated with 10 µg/ml calf thymic chromatin (a gift of L. Wysocki's laboratory) in PBS, 1 mM EDTA, 0.05% NaNa 3 buffer or 1 µg/ml of calf thymic Smith antigen (Meridian Life Science) in PBS, 15 mM Na 2 CO 3 , 35 mM NaHCO 3 , and 3.1 mM NaN 3 carbonate buffer, respectively, and incubated overnight at 4°C. Plates were washed once with PBS and 0.05% Tween 20. Anti-chromatin plates were blocked with EDTA-blocking buffer (PBS, 1% BSA, 1 mM EDTA, and 0.05% NaNa 3 ), whereas anti-Smith plates were blocked with BSA-blocking buffer (PBS, 1% BSA, and 0.05% NaNa 3 ) for at least 2 h at 37°C before washing and further processing. Sera, hybridoma supernatants, or cell culture supernatants were diluted in either EDTA-blocking buffer or BSA-blocking buffer and added to the first well of the plates. Then, threefold serial dilutions were made in the same buffer and plates were incubated for 2 h at 37°C. Plates were washed three times and specificity was revealed with either AP-conjugated GAM Ig (H+L) or AP-conjugated GAM IgG (SouthernBiotech). Quantification of the Ig titers after these ELISAs is described in the previous sections.
HEp-2 reactivity assay The HEp-2 reactivity assay was performed using the ANA kit Hep-2 antigen substrate 12-well slides (BION Enterprises) using a quantitative method previously described (Peterson et al., 2009) , with the exception that slides were revealed either with Cy5-conjugated anti-mouse IgG + IgM (H+L) antibodies (Jackson ImmunoResearch Laboratories) or with Alexa Fluor 680-conjugated F(ab') 2 GAM IgG (H+L) antibodies (Invitrogen) both diluted to 15 µg/ml. The Odyssey Infrared Imaging System and software (LI-COR) were used to detect and quantify the fluorescence intensity emitted from each well. Each sample was normalized by dividing the average fluorescent signal of duplicate wells by the average signal intensity of the positive control wells included on each slide. The normalized signal was designated as the integrated intensity. The positive control antibody used (M1/69), CD22 (OX-97), CD21 (eBio4E3), CD3e (145-2C11), CD44 (1M7), IgG1 (A85-1), IgG2a/2b (R2-40), IgD (11-26c-2a), CD19 (1D3), CD11b (M1/70), CD69 (H1.2F3), and CD86 (GL-1) were purchased from BD, BioLegend, or eBioscience, whereas those against IgM were either generated in house (R33-24.12) or purchased from Jackson ImmunoResearch Laboratories. Fluorescent or biotinylated polyclonal antibodies for Ig staining were a goat Fab' anti-human Ig (Protos Immunoresearch), a goat anti-mouse (GAM) Ig (SouthernBiotech), and a rat Fab anti-mouse Ig (187.1, generated in house). To generate biotin-conjugated rat Fab anti-mouse Ig antibodies, 187.1 IgG was first biotinylated using EZ-Link Sulfo-NHS-LC-Biotin (Thermo Fisher Scientific) and, subsequently, fragmented with papain. Briefly, equal volumes of 1 mg/ml 187.1 IgG-biot and 0.075 mg/ml papain (Papain 2× recrystallized suspension; Sigma Aldrich) diluted in digestion buffer (PBS, 0.02 M EDTA, and 0.02 M l-Cysteine) were mixed and incubated for 4 h at 37°C. The reaction was stopped by adding iodoacetamine (Sigma-Aldrich) at a 0.03 M final concentration. The mix was dialyzed against 1 liter of PBS overnight at 4°C, and Fc fragments and whole IgG were eliminated over a protein G column. The purity of Fab 187.1 was verified by Coomassie Blue coloration of SDS-PAGE gel in reducing and nonreducing conditions and by its inability to promote calcium influx in mouse B cells. Biotinylated antibodies were revealed with fluorochrome-conjugated streptavidin (either BD or eBioscience). 7-amino-actinomycin d (7AAD; BD) was added to some cell samples at 0.25 µg/10 6 cells to exclude dead cells from the analysis. Flow cytometric analysis was performed on live lymphocytes based on 7AAD staining and/or forward and side scatter using a LSRII cytometer (BD) and FlowJo software (Tree Star). Cell aggregates were excluded from the analysis by using a pulse area versus width gating (doublet discriminator channel).
Immunofluorescence histology Spleens and LNs were harvested from mice and frozen in Tissue-Tek OCT compound (Sakura) at 80°C. Using a cryostat, tissues were cut into 5-7-µm-thick sections and dried at room temperature for 20 min. Dried tissue sections were rehydrated in PBS for 20 min and blocked for 30 min with a mix of rat anti-mouse FcRII/III blocking antibody 2.4G2, purified mouse IgG1 (Southern Biotech), and 3% goat serum (Gibco) in PBS at room temperature. Sections were stained with a mix of rat Fab anti-mouse Ig-APC and goat Fab' anti-human Ig-PE in PBS for 45-60 min at room temperature in the dark, and washed 3 × 5 min each in PBS shaking baths. Stained sections were dried, mounted with Fluoromount-G (Southern Biotech), and visualized with a microscope (Axiovert 200M; Carl Zeiss) using a 3i Marianas System (Intelligent Imaging Innovations) and SlideBook 4.0 software (Intelligent Imaging Innovations).
Sorting of dual- and single- B cells for in vitro analysis
Dual- and single- B cells were sorted from either B220 + CD19 + CD11b  or CD138 + cell fractions of spleen and LN cell mixtures using the anti- Fab antibody fragments described and after CD4 and CD8 T cell depletion. When incubated with B cells, these anti- antibodies did not trigger Ca ++ influx in flow cytometric analyses. Cell sorting was performed using a MoFlo XDP (Beckman Coulter) and an ICyt Synergy cell sorter. Sorted cells were counted and cultured at 37°C for 7 d with or without 1 µg/ml of TLR7 agonist (R848; InvivoGen). Cell supernatants were collected and tested for reactivity against chromatin and Smith antigen by ELISA and for HEp-2 staining. The autoantibody titers in the supernatants were measured relative to a standard curve of a reference MRL/lpr serum diluted 200-fold and according to a method described in Fisher et al. (1988) . Specifically, an equivalent dilution factor for each sample was calculated as 1 over the dilution value of the reference serum that gave an O.D. that was equivalent to that of the sample supernatant. These values were then multiplied by 10 3 to obtain whole numbers that were easier to graph (Fisher et al., 1988) .
In vivo BrdU incorporation CB17-Igk m/h and MRL/lpr-Igk m/h mice were injected i.p. with 1 mg BrdU (Sigma-Aldrich) and then euthanized at 6, 12, or 24 h thereafter. For the 24-h time point, mice received a second BrdU injection at 12 h (Hippen et al., 2005; Casellas et al., 2007) . BM cells were isolated from BrdU-treated and control untreated mice and stained for surface markers
